Abstract. Nitro-aromatic compounds (NACs), as important contributors to the light absorption by brown carbon, have been
3 products (Lauraguais et al., 2014) .
65
In urban atmosphere, aromatic VOCs such as benzene, toluene, and xylenes are expected to be important precursors to 66 NAC formation (Harrison et al., 2005) . The main reactions leading to the secondary formation of NPs, NCs, 
72
which then react with NO 2 to form the final products (Finewax et al., 2018) . Compared with the gas-phase formation of 73 NACs, the formation pathway via aqueous-phase aromatic nitration is less well understood . 
Quantification of NACs

108
An aliquot of 25 cm 2 was removed from each quartz fiber filter sample and extracted in ultrasonic bath three times 
113
was centrifuged and the supernatant was used for analysis, using Agilent 1260 LC system (Palo Alto, CA) coupled to
114
QTRAP 4500 (AB Sciex, Toronto, Ontario, Canada) mass spectrometer. The LC-MS system was equipped with an 115 electrospray ionization (ESI) source operated in negative mode. More details of the extraction and optimized MS parameters
116
have been described in our previous study (Chow et al., 2016) .
117
Chromatographic separation was performed on an Acquity UPLC HSS T3 column (2.1 mm×100 mm, 1.8 μm particle 
121
increased to 54% B within 12.5 min and held for 1.0 min; then increased to 90% B within 7.5 min and held for 0.2 min; and 5 finally decreased to 1% B within 1.8 min and held for 17.3 min until the column was equilibrated. Chromatograms of NAC
123
standards and an ambient sample are shown in Figure S1 .
124
The quantified NAC species are listed in 
138
Other online and offline instruments were also employed to obtain related database, which has been introduced in 139 details in our previous paper (Wang et al., 2018c) . In brief, a high resolution time-of-flight aerosol mass spectrometer (AMS)
140
was used to measure the chemical composition of PM 1 (Zheng et al., 2017) . The aerosol surface area was calculated based on 141 the measurements of particle number and size distribution by a scanning mobility particle sizer (SMPS, TSI 3936) and an 
156
Estimation of the gas-phase NACs
157
The concentrations of gas-phase NACs were not measured in this study. They were calculated based on the measured 158 particle-phase NAC concentrations and equilibrium absorption partitioning theory (Pankow, 1994a 
171
The estimated P v , F p and gas-phase concentrations of NACs are listed in Table S1 . 4NP and methyl-nitrophenols
172
(2M4NP and 3M4NP) were predicted to be mainly in the gas phase (F p <10%) while DMNP, 4NC and MNC (3M6NC,
173
3M5NC and 4M5NC) were mainly in the particle phase (F p >60%). Gas-phase NACs could also dissolve into the aqueous-phase particles. The concentrations dissolved into the aqueous 184 phase (C aq ) were estimated by Henry's law (Sander, 2015) . Henry constants were obtained from Sander et al. (2015) and
185
ALWC was estimated using ISORROPIA-II (see section 2.4). The estimated C aq of 4NP and 3M4NP were 4.4E-4 and 186 2.4E-5 ng/m 3 , contributing <0.02% to their concentrations in particle phase. The contribution of dissolution into 187 aqueous-phase particles for NC and MNC is expected to be lower, due to the much lower gas-phase concentrations than that 188 of 4NP. For this reason, we will not further consider the dissolution of NACs into particle aqueous phase.
189
3
Results and Discussion
190
Concentration and composition of NACs
191
The average concentration of quantified NACs was 6.63 ng/m 3 , ranging from 1.27 to 17.70 ng/m 3 in summer in Beijing.
192
Figure 2 compares the total NAC concentrations across this and prior studies, and the individual NAC concentrations are 193 compared in Figure S2 and Table S2 . The total NAC concentration in this work was higher than those measured in other 
214
The NAC compositions are shown in the inserted pie chart in Figure S2 . 4-Nitrophenol and 4-nitrocatechol were the 215 most abundant ones among all the quantified NAC species, accounting for 32.4 % and 28.5 % of the total quantified NACs,
216
followed by methyl-nitrocatechols (4M5NC, 3M5NC and 3M6NC, 16.2%), methyl-nitrophenol (2M4NP and 3M4NP, 15.6%)
217
and dimethyl-nitrophenol (8.3%) ( Table 1 ). The contribution of NP and NC could be larger when considering both gas-and 218 particle-phases. The average concentration of 4NC in both gas-and particle-phases was estimated 2.2 ng/m 3 using 219 equilibrium absorption partitioning model. The total concentration of 4NP (13 ng/m 3 ) in both gas-and particle-phases was 220 approximated using the measured F p (17%) by FIGAERO-CIMS (Le Breton et al., 2018). Nitrophenols and nitrocatechols
221
were generally reported among the most abundant NAC species in previous studies ( 
227
The contribution of NP among the total NACs at Changping was higher than that in summer in Hong Kong, while that
228
of MNC was lower (Table S2 and the inserted pie charts in Figure S2 ). This NAC composition difference between 
236
In comparison, more abundant gas-phase formation of nitrophenol was expected in summer in Beijing, under higher 237 anthropogenic VOCs, high NO x and low RH conditions. In addition, the lower temperature in summer in Changping was 238 more favorable for the partitioning of nitrophenols from gas phase into particle phase. 
243
Elevated NAC concentrations were observed during pollution episodes, coinciding with the increasing of toluene, benzene, 
253
concentrations were used to do the correlation analysis. Two atmospheric processes, namely photolysis and gas-to-particle 254 partitioning, could influence the abundance of particle-phase NACs, especially for NP and MNPs, since majority of them 255 was expected to be in the gas phase (Table S1 ). As such, correlations of particle-phase NP and MNPs with other species may 256 less reliably reflect the underlying associations with the correlation species. As for the relative importance of anthropogenic
257
VOCs and biomass burning-derived VOCs, we do not have direct field measurement data for the differentiation. However, 
261
suggested in future investigation of NAC sources. We note that biomass burning could often be of an anthropogenic origin.
262
Within this work, the term "anthropogenic VOCs" does not include VOCs from human-caused biomass burning activities.
263
To further investigate the formation of NACs, we examined the time series and day-night variations of individual NAC (Table S3 ). This was more likely associated with the fact 273 that particle-phase NPs only account for a minor part of the atmospheric NP abundance due to the high vapor pressure of
274
NPs (Table S1 ). The abundance of particulate NP could largely depend on gas-to-particle partitioning, which is strongly 
10
Sangwan and Zhu, 2018). NC and MNC were mainly present in the particle phase (Table S1 ). 
282
Nighttime enhancements of 4M5NC and 3M5NC were observed during the whole observation period (Figure 4) 
293
4M5NC or 3M5NC and RH or NO 2 were stronger than the nighttime ones (Table S4 ). The aqueous-phase NO x oxidation 294 could be more dependent on ambient RH and NO 2 levels during the daytime, due to the lower RH and NO 2 concentrations 295 than those at night (Figures 3, S3) . MNCs also showed good correlations with acetonitrile and potassium, as MNCs could 
309
(2M4NP, DMNP) were more prominent during episodes II-IV than episode I (daytime/nighttime concentrations at 3.1-4.5 vs.
310
1.8-2.0) (Figure 4) , which indicated that gas-phase photochemical oxidation play a more important role during the later 311 period of the campaign. We did not find good correlation between 4NP and NO 2 when considering the whole campaign 312 period (Table S3) , while good correlations were observed when treating the daytime and nighttime conditions separately 313 (Table S4 ). The strong correlations between 4NP and benzene, toluene or NO 2 during daytime and nighttime indicated its 314 formation via oxidation of benzene and toluene in the presence of NO 2 (Table S4) 
334
producing a shift of products from organic-to inorganic-dominated conditions. Similarly, during nighttime a transition was 335 observed at NO 2 ~25 ppb in which oxidation products were shifted from organic-to inorganic-dominance (Figure 5d , e, f).
336
At NO 2 > 25 ppb, the nighttime NAC formation became independent of NO 2 concentrations and inorganic nitrate dominated
337
the NO x oxidation products. The simplified mechanisms and schematic diagram of the competing formation of inorganic
338
nitrates and NACs are shown in Figure S6 . The nighttime NO 2 transition value (~25 ppb) was higher than the daytime one
12
(~20 ppb). The higher concentrations of anthropogenic VOC precursors ( Figure S3 ) and different oxidation mechanisms
340
( Figure 1) were the potential reasons for elevated NO 2 transition value at night.
341
The compositional variation of inorganic nitrate and NACs described in this work serves as an example in illustrating 342 that the transition from low-to high-NO x regimes and the corresponding oxidation products shifting from organic-to 343 inorganic-dominated conditions exist in polluted urban atmospheres that are characterized by high NO x and anthropogenic
344
VOCs. However, the mechanisms as well as transition thresholds were less understood compared with the well-known
345
BVOCs/NO x atmospheres. More comprehensive investigation in urban atmospheres is needed to develop more quantitative 346 understanding of the NO x regime transition. As only a limited number of VOC species were measured in this study, the NO x 347 regime transition value was expressed by NO 2 concentrations rather than NO 2 /VOC or NO x /VOC ratios. We also note that 
360
increasing of ambient NO 2 . As particle-phase NP and MNP were strongly dependent on the gas-to-particle partitioning and 361 gas-phase loss (e.g., photolysis), their increasing trends as a function of NO 2 were not as obvious as those of NC and MNC.
362
Other influence factors on NACs formation
363
Nitration of aromatic hydrocarbons (e.g., benzene and toluene) represents the major source of NACs in summer in
364
Beijing. NACs generally increased with the increasing of anthropogenic toluene and benzene (Figure 7 ). During daytime,
365
when toluene was higher than 0.6 ppb and benzene higher than 0.4 ppb, the NACs concentrations did not increase further
366
with VOC concentrations (Figure 7a, b) . It was likely that toluene or benzene was in excess and the NAC formation became 367 independent of these precursors. Similarly, the nighttime formation of NACs would become insensitive to these precursors 368 when toluene was higher than 1 ppb and benzene higher than 0.6 ppb (Figure 7c, d) . The transition value of toluene or 369 benzene was higher at night than during the daytime. This could be due to the significantly higher NO 2 levels (significant at 13 p= 0.01 level) ( Figure S3) , with higher capacity to oxidize VOC precursors, and different oxidation mechanisms at night.
371
Though the total NACs didn't show good correlations with ambient RH, good correlations between 3M4NC, 4M5NC 372 and RH were observed (Table S3 , Figure 8 ). Nitrophenols and methyl-nitrophenols, dominated by gas-phase formation 
390
The NAC concentrations also showed good correlations with aerosol surface area (Figure 8b ). Higher aerosol surface 391 area would facilitate the partitioning of gas-phase NAC products or precursors into particle phase and the aqueous-phase or 
393
Photolysis is an important loss pathway of NACs and could be the dominant sink for nitrophenols in the gas phase (Bejan et conditions. Aqueous-phase pathways played more important roles in NAC formation at night than during the daytime. 425 VOC precursors, aerosol surface area and photolysis were also important factors influencing the NAC formation. NACs 426 generally increased with the increasing of toluene and benzene, implying nitration of aromatic hydrocarbons (e.g., benzene 427 and toluene) may represent the major secondary source of NACs in our study location. The NAC formation would become 428 independent of toluene and benzene, when the daytime concentrations were higher than 0.6 and 0.4 ppb, or the nighttime 429 ones higher than 1 and 0.6 ppb. In addition, aerosol surface area was also an important factor promoting the NAC formation 430 and photolysis could be an important loss pathway of nitrophenols during the daytime. Bejan, I., Duncianu, M., Olariu, R., Barnes, I., Seakins, P. W., and Wiesen, P.: Kinetic study of the gas-phase reactions of Table S2 for the data and references therein).
660
The NAC concentrations in summer correspond to the left axis and other seasons correspond to the right axis. 
